Aims Photosynthetic thermotolerance (PT) is important for plant survival in tropical and subtropical savannas. However, little is known about thermotolerance of tropical and sub-tropical wild plants and its association with leaf phenology and persistence. Longer-lived leaves of savanna plants may experience a higher risk of heat stress. Foliar Ca is related to cell integrity of leaves under stresses. In this study it is hypothesized that (1) species with leaf flushing in the hot-dry season have greater PT than those with leaf flushing in the rainy season; and (2) PT correlates positively with leaf life span, leaf mass per unit area (LMA) and foliar Ca concentration ([Ca]) across woody savanna species. † Methods The temperature-dependent increase in minimum fluorescence was measured to assess PT, together with leaf dynamics, LMA and [Ca] for a total of 24 woody species differing in leaf flushing time in a valleytype savanna in south-west China. † Key Results The PT of the woody savanna species with leaf flushing in the hot-dry season was greater than that of those with leaf flushing in the rainy season. Thermotolerance was positively associated with leaf life span and [Ca] for all species irrespective of the time of flushing. The associations of PT with leaf life span and [Ca] were evolutionarily correlated. Thermotolerance was, however, independent of LMA. † Conclusions Chinese savanna woody species are adapted to hot-dry habitats. However, the current maximum leaf temperature during extreme heat stress (44 . 3 8C) is close to the critical temperature of photosystem II (45 . 2 8C); future global warming may increase the risk of heat damage to the photosynthetic apparatus of Chinese savanna species.
INTRODUCTION
Savannas consist of a discontinuous upper layer of trees above a generally continuous layer of grasses. Globally, savanna is an important biome, occurring in four continents (Asia, Africa, South America and Australia), and covering near one-third of the world's land surface (Huntley and Walker, 1982) . It is characterized by a hot climate throughout the year with a distinct dry season for about half of the year. High temperatures may lead to deactivation of photosynthetic enzymes and bleaching of chlorophyll, reducing carbon gain, growth and reproduction, and thus influencing vegetation productivity and species distribution (Sainz et al., 2010; Hüve et al., 2011) . Global warming may, by the end of this century, result in a temperature increase of 2 -4 8C in the tropics and thus an increased risk of heat stress to tropical plants (Corlett, 2011) . However, photosynthetic thermotolerance [PT; the change in the excitation capacity of photosystem II (PSII)] has been assessed for only a tiny and non-random selection of tropical species (Corlett, 2011) . In this context, it is critically important to understand the thermotolerance of tropical plants.
One of the intriguing phenological features of savannas is that the leaves of a portion of the woody species flush in the late dry season in Chinese savannas (Zhang et al., 2007) and other tropical savannas (Williams et al., 1997; Franco et al., 2005; Chapotin et al., 2006) . By flushing before the onset of the rainy season, plants will photosynthesize for a longer period, they may avoid rain-induced nutrient leaching from young immature leaves and escape herbivory (Lieberman and Lieberman, 1984) . However, early flushing requires plants to possess greater PT to protect new leaves from thermal damage. Drought induces stomatal closure so that reduces leaf transpiration and increases leaf temperature (e.g. Zhang et al., 2007) .
Heat stress can destroy the reaction centres of PSII, which can be detected by chlorophyll fluorescence emission. The minimum chlorophyll fluorescence (F o ) -temperature curve technique was proposed by Schreiber and Berry (1977) as a rapid assay of PT, and has been frequently used for this (e.g. Valladares and Pearcy, 1997; Knight and Ackerly, 2002; Weng and Lai, 2005) . Fluorescence is emitted from leaves during the rapid de-excitation of excited electrons. A disruption of electron transport caused by high temperatures results in a greater proportion of excited electrons being de-excited and thus increasing fluorescence emission (e.g. Yamane et al., 2000) . Several physiological stress responses lead to increased fluorescence at high temperatures, such as increased membrane fluidity, the dissociation of primary electron acceptors Q A and Q B , and the separation of the light-harvesting complex from the reaction centres of PSII (see also Knight and Ackerly, 2002) .
Photosynthetic thermotolerance may be associated with other leaf traits, such as leaf life span, leaf mass per unit area (LMA) or foliar Ca concentration ([Ca] ). Longer lived leaves may have a higher probability of experiencing heat stress during their life span, and thus require a greater PT to be able to function during and after a period of elevated temperature. Leaf life span also plays a pivotal role in the leaf economics spectrum, which varies from species with short-lived productive leaves with quick returns on carbon and nutrient investment to species with long-lived leaves with slow returns on resource investment but a longer revenue period. A long leaf life span is an important plant adaptation to unproductive environments (e.g. Reich et al., 1998; Wright et al., 2004; Escudero et al., 2008) . Another important component of the leaf economics spectrum is LMA. Knight and Ackerly (2003) found in a comparative study of six chaparral shrub species that species with a high LMA had a high expression of heat shock proteins and thus greater PT. The leaf chemical composition may also be correlated with stress resistance. For example, [Ca] is related to the membrane stability and cell integrity (Gong et al., 1998) , playing an important role in defence against freezing, disease and dehydration (McLaughlin and Wimmer, 1999) , but it is unclear whether [Ca] is related to heat stress and PT.
The river valleys in south-west China particularly in Yunnan and Sichuan Provinces are characterized by a hot-dry climate because of the rain-shadow effect of mountains (see also Supplementary Data Fig. S1 ) and host a valley-type savanna (Wu, 1995; Jin and Ou, 2000) . Few studies have been carried out on the ecological adaptation of plants from savannas and particularly these Chinese savannas (e.g. Zhang et al., 2007; Zhu et al., 2009) . Here, we evaluate the PT and associated leaf traits (leaf life span, LMA and foliar [Ca] ) of 24 woody savanna species from south-west China. We tested the hypotheses that (1) species with leaf flushing in the hot-dry season show greater PT than those with leaf flushing in the rainy season; and (2) PT correlates positively with leaf life span, LMA and [Ca] . The traditional correlation analysis on traits across species neglects the potential influence of ancestors on traits and autocorrelation of plant phylogeny. For rigorous analysis of correlation and to characterize the correlated evolution between PT and leaf traits, the comparative approach ( phylogenetically independent contrast analysis; Felsenstein, 1985) was used in the present study.
MATERIALS AND METHODS

Site and species
This study was carried out in a valley savanna (23841 ′ N, 101859'E, altitude 770 m) of the Yuanjiang River (the upper Red River), 10 km north-west of Yuanjiang City, Yunnan Province, south-west China. Mean annual temperature is 23 . 8 8C and the mean annual precipitation is 802 mm (according to the records from the Yuanjiang Meteorological Station located at 396 m altitude). There are three distinct seasons: a cool-dry (November -February), hot-dry (March -April) and hot-rainy (May-October) season (Supplementary Data  Fig. S1 ). The soil is a ferralic Cambisol, with pH between 5 . 2 and 6 . 3. The upper soil horizons (0-20 cm) contain about 1 . 1 % organic matter, 0 . 1 % nitrogen, 0 . 04 % phosphorus and 2 . 6 % potassium.
The vegetation is dominated by deciduous woody shrub species and has been protected since the 1980s, but has occasionally been disturbed by grazing. Twenty-four woody species were studied, representing about 80 % of the savanna woody flora in this county (Table 1 ). These species differ in leaf flushing time, with five species flushing in the hot-dry season (Fig. 1A ) and the 19 other species flushing at the beginning of the rainy season (Fig. 1B) . Leaf fall of most species is concentrated from the middle of the cool dry season to the late dry season.
Previous studies have shown that thermostability can be influenced by ambient temperature, leaf age and drought stress (e.g. Havaux, 1993) . To avoid the artefacts arising due to these factors, we selected mature and healthy leaves and measured PT, LMA and [Ca] within 1 week (15 -22 September 2004) in the rainy season when plants were growing under optimal conditions.
Photosynthetic thermotolerance
The PT of PSII was analysed using the temperaturedependent increase in minimum fluorescence (T -F o , Fig. 2 ; Bilger et al., 1984; Knight and Ackerly, 2002) . Early in the morning, one shoot of five individuals per species was collected from the exposed, upper part of the crown, immediately inserted in water and brought to a nearby field laboratory. After dark adaptation for at least 1 h, one leaf or leaf segment from each of these shoots was placed above wet filter papers in a small metal chamber that was submerged in a water bath. The leaves were continuously heated from 25 to 60 8C, with a temperature increase of about 1 8C min
21
. Leaf temperature was measured with a thermocouple attached to the underside of the leaves, and recorded continuously with a datalogger (LI-1400, Li-Cor, Lincoln, NE, USA). F o was monitored continuously every 30 s using a portable fluorometer (FMS2, Hansatech, Norwich, UK). The slow rise in F o is related to the reversible inactivation of reaction centres of PSII, whereas the rapid rise is related to irreversible destruction of the reaction centres (Bilger et al., 1984) . Therefore, using the method of Knight and Ackerly (2002) , four parameters ( Fig. 2) were derived from the T -F o curves to describe PT: T S20 , the temperature at which the slope of the T -F o curve reaches 20 % of its maximum; T c , the critical temperature, defined as the intersection of the lines extrapolated from the slow and fast rise portion of the T -F o response curve; T 50 , the temperature at which F o reaches 50 % of its maximum; and T max , the temperature at which F o reaches its maximum. We checked the reliability of the T -F o method for the assessment of PT, by measuring the temperature-dependent leaf ion leakage for four common species of this savanna as well (cf. Chen et al., 1982) . The lethal temperature for the leaf assessed by this method was highly correlated with T max as determined by the T -F o method (r ¼ 0 . 98, P , 0 . 05, n ¼ 4, Supplementary Data Fig. S2 ), indicating that the T -F o method is reliable for assessing the thermotolerance.
Leaf traits
The area of leaves used for thermotolerance measurement were measured using a portable leaf area meter (LI-3000A, Li-Cor), and then oven-dried at 80 8C for 48 h. The petiole and midrib were removed before leaf area measurements. LMA was calculated as leaf dry mass divided by leaf area. For an additional set of leaf samples collected from the same five plants per species, leaves were oven-dried and pulverized for measurement of foliar [Ca] . Foliar [Ca] was analysed with an inductively coupled plasma atomic-emission spectrometer (IRIS Advantage-ER, Thermo Jarrell Ash Corporation, Franklin, MA, USA) after leaf samples were digested by concentrated HNO 3 -HClO 4 .
Leaf dynamics were monitored for 9 -27 shoots of 5 -9 individuals per species from the late dry season (March 2004) to the start of the rainy season (May 2005) . At the first census, a sunlit stem was selected and marked with a coloured tag. The last mature leaf of that stem was marked with ink. During the following censuses, which took place every 1 or 2 months, the last mature leaf was marked, the number of leaves produced since the previous census was noted and the total number of living leaves remaining on the stem above the first marked leaf was recorded. A leaf was considered to be dead when it had turned completely brown or had fallen. Leaf life span (LL) was then calculated as (Navas et al., 2003) :
where T P is the duration of leaf flushing in days, T L is the duration of leaf fall and T is the time lag in days between the end of leaf flushing and the beginning of leaf fall. T is negative when the period between leaf flushing and fall is overlapping, otherwise it is positive.
Statistical analysis
Differences in PT between species flushing in the dry season and species flushing in the wet season were analysed using a t-test. The associations of PT with leaf life span, LMA and [Ca] were analysed with Pearson's correlation. To test whether PT is associated with leaf life span after considering the effect of leaf flushing season, analysis of covariance (ANCOVA) was carried out, with leaf life span as a dependent variable, flushing season as a factor and PT as a covariate. Phylogenetically independent contrast (PIC) analysis was used to eliminate the phylogenetic effect and test whether these phenotypic relationships were evolutionarily correlated (Felsenstein, 1985) . An APG3-derived megatree was selected as the base tree (APG III, 2009) for our study taxa. The BLADJ algorithm in the program Phylocom (Webb et al., 2008) was applied to adjust the branch lengths of the phylogeny using known ages of the plant fossils (Wikström et al., 2001) . The 'ape' library was then used to calculate the coefficients of PIC correlations (Paradis, 2004; R Development Core Team, 2009 ).
RESULTS
When averaged across all species, T S20 , T c , T 50 and T max were 44 . 7, 45 . 2, 47 . 2 and 50 . 1 8C, respectively (Table 1 ). All parameters describing thermotolerance were highly correlated across species (Table 2) . Species with leaf flushing in the late dry season had significantly greater T S20 , T c , T 50 and T max than those with leaf flushing in the rainy season (P , 0 . 05 in each case, Fig. 3 ). Leaf life span varied from 89 to 257 d across the species studied (Table 1) . Thermotolerance indices (T S20 , T c and T 50 ) were positively correlated with leaf life span ( Fig. 4A ; Table 2 ) and T 50 and T max were positively correlated with [Ca] (Fig. 4B; Table 2 ). Based on ANCOVA results, the associations of PT (T S20 , T c and T 50 ) and leaf life span are still significant (P , 0 . 05) after considering the effect of flushing season. None of the thermotolerance indices was significantly correlated with LMA (Table 2) .
Nearly all cross-species correlations (18 from 19) between thermotolerance and leaf traits were also underlain by evolutionary correlations (Table 2 ). Thermotolerance parameters, for instance, showed a positive pattern of evolutionary correlations with leaf life span and [Ca] . Thermotolerance, however, was evolutionarily independent of LMA.
DISCUSSION
Comparison of thermotolerance data between this (Table 1) and previous studies (Valladares and Pearcy, 1997; Fig. 2 for definitions of the four thermotolerance parameters. LL, leaf life span; LMA, leaf mass per area. Significance level: *P , 0 . 05; **P , 0 . 01; ***P , 0 . 001. for Terminthia paniculata, a common species, as an example. Four parameters were calculated from the T -F o curve: T S20 , the temperature at which the slopes of the response curve reach 20 % of its maximum; T c , critical temperature, the intersection of the lines extrapolated from the slow and fast rise portion of the T -F o curve; T 50 , the temperature at which F o reaches 50 % of its maximum; and T max , the temperature at which F o reaches its maximum. Ackerly, 2002; Weng and Lai, 2005) suggests that the PT of the woody savanna species in south-western China is moderate. Average T c values of this study (44 . 7 8C), for example, were lower than those of Californian chaparral plants (49 . 9 8C; Knight and Ackerly, 2002 ) and a Mediterranean shrub species (53 . 5 8C; Valladares and Pearcy, 1997) , but higher than those of 22 tropical or sub-tropical origin herbaceous and woody plants grown in a common garden (42 . 4 8C; Weng and Lai, 2005) . T c represents the change from inactivation to irreversible destruction of photosynthetic reaction centres as a consequence of increased leaf temperature (Bilger et al., 1984) , and varied from 44 to 47 8C across the study species (Table 1 ). This range of T c is close to the maximum leaf temperatures (approx. 44 . 3 8C) detected from five common woody species at the study site during an extreme hot and dry period in June 2006 (Zhu et al., 2009) . Together, our results suggest that the leaves of the species can be well adapted to the usual high temperatures of the site, without irreversible destruction of photosynthetic reaction centres (Zhang et al., 2007) . Species that flush their leaves in the hot-dry season have greater PT compared with species flushing leaves in the rainy season (Fig. 3) , consistent with the first hypothesis. A greater PT could protect the new leaves from irreversible thermal damage in the hot-dry season, thus maintaining the stability of the photosynthetic apparatus. In fact, there was no irreversible photoinhibitory damage in the new leaves that flushed in the hot-dry season even during two extremely dry hot periods (Zhu et al., 2009) .
Thermotolerance is evolutionarily correlated with several key leaf traits. The positive correlation between thermotolerance and leaf life span ( Fig. 4A ; Table 2) suggests that greater PT is associated with longer persistence, supporting our second hypothesis that longer lived leaves have a higher probability to encounter heat stress during their lifetime, and that they need to be well protected to avoid irreversible damage. PT was, both in the regular cross-species correlations and in the evolutionary correlations, uncoupled from LMA (Table 2 ). This contrasts with the significant positive correlation between PT and LMA found by Knight and Ackerly (2003) across six chaparral plants and with the general concept that, within and across species, plants respond to stressful conditions by having a high LMA (Wright et al., 2004; Poorter et al., 2009) . One reason is that the data set included a smaller range of LMA (see also Table 1 ) and leaf habits than those studies, and, hence, it is therefore more difficult to find a relationship of photosynthetic leaf traits with LMA. Another reason may be that a high LMA in arid environments is usually due to a higher leaf density, which limits transpiration and confers higher water use efficiency during drought (Gratani and Bombelli, 2001) . Thus, the independence of PT from LMA may indicate that heat resistance and drought resistance may be associated with independent axes of ecological adaptation in this unique savanna habitat.
The PT was positively related with foliar [Ca] (Fig. 4B ), in line with the second hypothesis. The positive correlation of thermotolerance with foliar [Ca] indicates that Ca-rich leaves are more tolerant to heat stress. Perhaps one reason for this is that Ca plays an important role in the maintenance of cell integrity (McLaughlin and Wimmer, 1999; Hirschi, 2004; Hepler, 2005) . Another reason is that Ca-rich leaves probably have a high capacity to increase cytosolic [Ca] through mobilization of Ca from both intracellular and extracellular sources (Tan et al., 2011) . This process seems to act as a signal to trigger some of the biochemical and physiological processes, such as improved thermostability of the oxygen-evolving complex and the reaction centre of PSII and enhanced antioxidative enzyme activities, for plants to promote thermal tolerance (Gong et al., 1998; Tan et al., 2011) . Fig. 2 for definitions of the four photosynthetic thermotolerance parameters. Data are means + s.e. *P , 0 . 05; **P , 0 . 05; ***P , 0 . 001.
In summary, the results presented here extend earlier studies (Zhang et al., 2007; Zhu et al., 2009) in which the physiological adaptation of Chinese savanna woody species to dry and hot environmental conditions was assessed. This is the first time that PT has been shown to be associated with earlier leaf emergence, persistence (longer leaf life span) and increased Ca concentration across a large number of woody savanna species. Our results suggest that woody species from Chinese savannas are adapted to hot-dry habitats. The fact that the current maximum leaf temperature that they experience during extreme heat stress (44 . 3 8C) is close to their critical PT temperature (45 . 2 8C) indicates that future global warming of 2 -4 8C (Corlett, 2011) may enhance the risk of irreversible heat damage. This may lead to a shift in species composition, from species that flush in the rainy season, towards more heattolerant species, which have longer lived leaves and flush in the dry season.
SUPPLEMENTARY DATA
Supplementary data are avilable online at www./aob.oxfordjournals.org and consist of the following. Figure S1 : climatic conditions of Yuanjiang valley-type savanna . Figure S2 : relationship between T max and leaf lethal temperature (LT 50 ) determined by temperature-dependent leaf ion leakage across four common species in Chinese savanna.
